In this letter we study the valley degeneracy splitting of the transition-metal dichalcogenides monolayer by first-principles calculations. The local magnetic moments are introduced into the system when the transition-metal atoms are adsorbed to the monolayer surface. Zeeman effect arising from the local magnetic moment at transition-metal atom sites lifts the valley degeneracy. Anomalous charge, spin and valley Hall Effects can be accessed due to valley splitting when we can only excite carriers of one valley. The valley splitting depends on the direction of magnetization and thus can be tuned continuously by an external magnetic field. This tunable valley splitting offers a practical avenue for exploring device paradigms based on the spin and valley degrees of freedom.
I. INTRODUCTION
To date, electronic and spintronic devices 1 invariably rely on the fact that carriers carry electric charge and spin degrees of freedom, respectively. However, other degrees of freedom of carriers are urgently needed to broaden the view of novel devices design. The electronic structure of certain crystal lattices can contain multiple degenerate valleys, namely, degenerate conduction or valence band extrema in momentum space. The valley degree of freedom has enormous potential use in the development of valleytronic devices. [2] [3] [4] [5] [6] [7] [8] [9] [10] [11] [12] Transition-metal dichalcogenides MX 2 (M = Mo, W and X=S, Se and Te) monolayer harbors a pair of inequivalent degeneracy energy valleys in the vicinities of the vertices of a hexagonal Brillouin zone of the momentum space. 13 The principal challenge in the development of valleytronics is the ability to generate and manipulate the valley polarization in a controllable way.
Dynamical polarization of monolayer MX 2 has been achieved by circularly polarized optical pumping, [14] [15] [16] offering a new paradigm for optoelectronic devices. However, dynamical valley polarization based on optical pumping relies upon creating a transient non-equilibrium photo-carrier distribution in which two valleys are populated differently, and is ultimately limited by carrier life times which can be quite short for MX 2 .
An alternative route to valley polarization is to lift the valley degeneracy by breaking time-reversal symmetry. Valley splitting in MX 2 has been assessed in a few recent experiments [17] [18] [19] [20] , which showed that only small valley splitting, 0.1-0.2 meV/tesla, can be generated by an external magnetic field. Recent studies showed that the proximity-induced Zeeman effect is a more effective strategy to create larger valley splitting. [21] [22] [23] 
II. MODEL ANALYSIS
In its bulk form, MX 2 has the 2H stacking order with the space group 4 6h D , which is inversion symmetric. When it is thinned down to a monolayer, as shown in Fig. 1 (a) , the crystal symmetry reduces to 1 3h D , and inversion symmetry is explicitly broken. In addition, MX 2 has a strong spin-orbit coupling(SOC) originated from the d orbitals of the heavy metal atoms. 24 For the monolayer MX 2 , the inversion symmetry breaking together with strong SOC lifts the spin degeneracy of energy bands and makes it have peculiar coupled spin and valley physics 13 , as shown in Fig. 1 to negative by reversing the direction of magnetization, as shown in Fig. 1 (e) and (f).
III. COMPUTATIONAL METHOD
In the following, we take monolayer MoS 2 as an example to show our detailed results from first-principles calculation. We study the diluted TM atoms adsorption on the top of the monolayer MoS 2 by constructing a 4×4 supercell. Density functional theory calculations were performed in a supercell configuration using the VASP computer code. 25 We employed projector augmented-wave method for ion-electron interaction and the generalized gradient approximation of exchange-correlation functional. 26 We used an energy cutoff of 400 eV for the plane-wave basis. The supercell was adjusted to maintain a sufficiently large separation (20 Å) between adjacent monolayer. The two dimensional Brillouin zone integrations were carried out using 9×9×1 Monkhorst-Pack grids. We also tested more dense k-points set and higher cutoff energy and didn't find significant difference. Atomic coordinates within the supercell were fully optimized without any symmetry constraints with a criterion of the maximum residual force less than 0.01 eV/Å. For including strong correlation effects we performed GGA+U calculation 27 with a moderate effective U eff = (U-J)=4.0 eV for TM atoms. 28 We also check different U eff values, 2 and 6 eV. U eff can change the details of band structures, even magnetic moments and exchange coupling. Because it is difficult to evaluate U eff theoretically, we also discuss the effect of different U eff on valley character in this paper.
IV. RESULTS AND DISCUSSION

A. Adsorption Energy
Firstly by calculating the adsorption energy of three typical adsorption sites shown in Fig. 2 (a) , we find that the most stable adsorption site is the top on Mo atom (T Mo ).
There have been several works on the transition metal atom adsorption on monolayer MoS 2 . [29] [30] [31] There are two main differences in our work: (1) We include strong correlation effects by GGA+U calculation for 3d transition metal atoms because it is well known that the correlation effects is important for 3d orbitals. 28 We find that the most stable adsorption site is the top on Mo atom for all 3d transition metal atoms adsorption (Sc-Cu) by GGA+U method, while a hollow site is preferred for Sc, Mn and Fe adsorption by GGA calculation. However in these previous works only GGA method is used, leading to preferred hollow sites for Sc and Mn adsorption, which is in consistent with our GGA results. Therefore we think that including the strong correlation effects by GGA+U should be necessary for determining the preferred sites and more reasonable electronic structures. (2) Our work focuses on the concept of the valley polarization in MoS 2 by the transition metal atoms adsorption, which is not discussed by other papers.
In the following, we focus on this most stable adsorption configurations. The calculated adsorption energy and magnetic moments are listed in Table1 
B. Valley Splitting
Then we study the valley splitting by calculating the band structures for pristine and TM atoms adsorbed MoS 2 monolayer. A 4×4 supercell of the monolayer MoS 2 is shown in Fig. 2 (a) and the corresponding reciprocal momentum space structures and high symmetry points are shown in Fig. 2 (b) . Band structure of a 4×4supercell of the pristine monolayer MoS 2 is shown in Fig. 2 (c) . As mentioned before, it has two inequivalent valleys in the momentum space electronic structure for low energy carriers, which localize at the corners (K and K' points) of 2D hexagonal Brillouin zone. Inversion symmetry breaking together with strong SOC leads to the spin splitting and this spin splitting is opposite for two valleys due to the time-reversal symmetry. When TM atoms are adsorbed to MoS 2 monolayer surface, the local magnetic moments are induced into MoS 2 . Band structures with SOC are shown in  denotes the valley splitting, as listed in Table 1 .
As shown in Fig. 3 , the spin splitting at K point is larger than that at K' point for Sc and Cu adsorption; thus the highest valence bands at K point is higher than that at K' monolayer as shown in Fig. 3 (a) . Under an in-plane electric field the spin-up holes will produce a net transverse charge/spin/valley current, due to the Berry curvature driving anomalous velocity of Bloch electrons. This is an anomalous charge/spin/valley Hall effect, as shown in the insertion of Fig. 4(a) . When we reverse the magnetization direction by an external magnetic field, an opposite directional charge/spin/valley Hall current is produced. Therefore we can control spin/valley polarization by carrier doping and an external magnetic field and detect them by the transversal voltage, which is crucial for spintronics and valleytronics.  is -23, -28 and -66 meV when U eff is set to be 2, 4 and 6 eV, respectively. Although U eff affects the details of band structures and magnetic properties, the valley identity remains intact and the valley splittingis still preserved, which are crucial for valleytronic applications.
V. CONCLUSION
In conclusion, we study the valley splitting in MoS 2 monolayer when TM atoms are 
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